Energies and structures of 4 He N -ICl͑X͒ complexes, N ഛ 30, are determined within the framework of a recently developed Hartree-like approach ͓Phys. Rev. A 71, 033203 ͑2005͔͒, in which the He atoms play the role of the electrons and the I and Cl atoms play the role of the nuclei. The potential energy of the system is represented as a sum of the He-ICl triatomic and He-He pair interactions fitted to results of ab initio calculations. The validity of the approach is evaluated through comparisons with the results of "exact" variational calculations performed for the cases of N = 1 and 2. The procedure, which furnishes also the wavefunctions, allows for simulation of the infrared spectra of the ICl molecule embedded in the bath of He N clusters.
I. INTRODUCTION
Helium nanodroplets have proven to be a unique matrix in which to conduct high-resolution molecular spectroscopy as well as for synthesizing new molecular species and clusters ͓1͔. Following the pioneering work on the infrared spectra of SF 6 ͓2,3͔ and later of OCS ͓4,5͔ embedded in He droplets, rotationally resolved spectra have been reported for a wide range of systems ͑see, e.g., Refs. ͓6-8͔͒. In order to study further the nature of the helium environment and its interaction with dopant molecules on the microscopic scale, highresolution infrared and microwave measurements on small doped helium clusters have been recently performed ͑see, e.g., Refs. ͓9,10͔͒. Theoretical approaches to describe the structure and ground-state energetics of helium clusters ͓11͔ have been provided by zero temperature diffusion Monte Carlo ͑DMC͒ ͓12͔ and finite temperature Feymann's pathintegral Monte Carlo methods ͑see, e.g., Ref. ͓13͔͒. The projection imaginary time spectral evolution implementation of the DMC method by Blume et al. ͓14͔ allows for evaluation of the energies of low-lying excited states ͑see, e.g., Ref.
͓15͔͒. The recently developed reptation quantum Monte Carlo approach, ͓16͔ in which the correlation function is computed explicitly and is fitted to a multi-exponential function, yields excitation energies and spectral weights necessary for simulation of spectra of solvated species ͑see, e.g., Ref. ͓13͔͒. The principal difficulty of these methods is the use of the inverse Laplace transform of the time correlation function which is an ill-defined problem ͓14͔.
Recently, we have shown that an alternative quantum chemistry-like approach can be used efficiently to obtain energies and structural properties of He N -Br 2 ͑X͒ complexes ͓17-19͔. The treatment also supplies the system's wave functions, allowing one to carry out spectral simulations. We have demonstrated this for vibrotational Raman spectra of nonpolar diatomic molecules ͓17,18͔. Our results point to the central role of the nuclear spin statistics of the surrounding He atoms in defining the very different spectral features observed experimentally for OCS ͓4͔ and SF 6 ͓1͔ molecules dependently on whether they are solvated in a fermionic or bosonic environment. Using Br 2 ͑X͒ as a dopant and He 2 as a solvent we have shown ͓20͔ that a model potential energy surface ͑PES͒ of the entire system can be constructed as a sum of ab initio He-Br 2 triatomic interactions ͓21͔ and semiempirical He-He ͓22͔ pair interactions. DMC calculations ͓23͔ have indicated that the energies and density distributions for clusters with N ജ 16 are only weakly dependent on the He-Br 2 interaction, irrespective of whether it is described by the ab initio triatomic potential with minima at T-shaped and linear configurations ͓21,24͔, or by a sum of He-Br and Br-Br Morse potentials with a minimum only at the T-shaped configuration ͓25͔.
In this paper, we study the case of 4 He N -ICl clusters, which are different from 4 He N -Br 2 systems at least in two important respects. First, ab initio calculations on the triatomic He-ICl ͓26͔ predict three PES minima, which correspond to "linear" ͑He on the side of the I end of the ICl molecule͒, near T-shaped, and "antilinear" ͑He on the side of the Cl end of the ICl molecule͒ equilibrium structures. Modeling of the PES as a sum of the He-ICl triatomic and He-He pair interactions has been verified by comparison with ab initio computations on He 2 -ICl ͓27͔. The binding energies of the three equilibrium structures decrease from linear to T-shaped to antilinear. This higher, as compared to the case of He-Br 2 , degree of anisotropy has a persistent effect even in larger He N -ICl clusters ͑we have considered here values of N up to 30͒. Second, ICl͑X͒ has a permanent dipole moment and therefore simulation studies of its IR spectra bare more relevance to experimental IR spectroscopy of "linear" molecules such as OCS ͓4͔. We shall show that our treatment explains the absence of the Q branches in the spectra of polar molecules embedded in bosonic environments and anticipate their presence in the case of fermionic embedding environments.
The paper is organized as follows. In the next section we present, in the framework of an adiabatic treatment, a brief outline of the Hartree approach, which includes a slight modification of the He-He interaction potential, and describe the theoretical methodology for simulation of infrared ͑IR͒ spectra of polar diatomic dopants. In Sec. III, we characterize the model potential energy surface we use, which is based on ab initio calculations on tri-and tetra-atomic clusters ͓26,27͔, and present the results obtained. These include cluster energies and density distributions, as well as angular momenta and IR spectra, all considered as a function of cluster size. The results are validated through comparisons with "exact" variational calculations performed for the cases of N = 1 and 2. The analysis focuses on the effects of the embedding environment on the IR spectra of the ICl molecule. The summary and the outlook are outlined in Sec. IV.
II. THEORETICAL TREATMENT

A. Adiabatic model
Using satellite coordinates ͕͑r , R k ͖͒, where r is the vector joining the I and Cl halogen atoms and R k are the vectors from the center of mass of the ICl molecule to the different He atoms, one can write the Hamiltonian of the He N -ICl system as
It consists ͓19͔ of a diatomic part that corresponds to the ICl molecule ͑the first three terms͒, N He-ICl triatomic Hamiltonians ͑the fourth term͒, and all the He-He interactions ͑the fifth term͒ including not only potential terms but also dynamical couplings ͓28͔. In Eq. ͑1͒, m is the reduced mass of the diatomic molecule, j is the angular momentum associated with r, and U represents the intramolecular diatomic potential. The triatomic Hamiltonians have the form
where is the reduced mass of the He-ICl system, l k is the angular momentum associated with R k , and W represents the atom-diatom intermolecular potential that depends on the pair of ͑R k , r͒ distances and the angle k between the R k and r vectors. We choose a body-fixed ͑BF͒ coordinate system with the Z axis parallel to r, and solve the Schrödinger equation
within the adiabatic approximation ͑i.e., for different fixed values of the diatomic bond length r͒. This can be accomplished by using, for example, the well-known Hartree method. In Eq. ͑3͒, each r-dependent eigenenergy, labeled by ⌳, the projection of the total orbital angular momentum L = ͚ k=1 N l k on the molecular axis, constitutes an additional potential energy term for the diatomic molecule. As shown below, in a bosonic helium environment the r-dependent eigenenergies correspond to the case of ⌳ = 0, that is to ⌺ states. For a total angular momentum J = j + L, with a projection ⍀ = ⌳ onto the BF Z axis, and neglecting the Coriolis couplings, the states of the solvated diatomic molecule are described by the Schrödinger equation
where v is the stretching ͑vibrational͒ quantum number. Since the total orbital angular momentum L is not a good quantum number, we use as a characteristic quantity the value of ͗L 2 ͘ computed as an average over the distribution of L values ͓19͔. Thus, the total wave function is approximated as
where D M⍀ J are Wigner rotation matrices that depend on the polar components of r in the space-fixed ͑SF͒ frame.
B. Overview of the Hartree approach
In order to obtain the energies and the helium density distributions we use a Hartree-like approach as described in Ref. ͓19͔ . Briefly, the wave function of the N bound helium atoms is constructed as a symmetrized Hartree product of single-particle wave functions. For a generic case, when N i bosons occupy the same single-particle orbital labeled as i, the N-boson total wave function is expressed as
and 1 / ͱ N is the normalization factor, in which N denotes the number of different Hartree products that can be obtained by interchanging bosonic particles occupying different orbitals. As already discussed ͓19͔, the total energy can be written in terms of single particle energies of the bosons occupying the i orbitals and the equivalent to Coulomb and exchange integrals appearing in electronic structure theory. The single-particle wave functions in Eq. ͑6͒ are expanded using a finite basis set composed of products of radial and angular functions
where Y ᐉm ͑ , ͒ are spherical harmonics. The radial basis functions, G n ͑R ; r͒, are obtained from the solutions, seeking for the lowest level, of the Schrödinger equation that corresponds to the He-ICl triatomic subsystem with a fixed value of n ,
The calculations were performed for n max different equidistant values of n in the range ͓0,͔. The radial basis used in Eq. ͑7͒ is finally obtained from the radial functions g n ͑R ; r ; n ͒ through Schmidt orthogonalization. The coefficients, C nlm i , are computed using a direct minimization procedure to force convergence to the global minimum ͓29͔.
C. Infrared spectra
A molecule as ICl͑X͒ that has a permanent dipole moment in the ground electronic state can be promoted from an initial vibrotational state ͉i͘ to a final vibrotational state ͉f͘ within the same electronic state by absorption of one photon of frequency if that matches the energy difference between the initial and final states. This difference belongs to the infrared region. When such a molecule is embedded in a bath of He atoms, we can envisage a similar process:
where now the indices i and f refer, respectively, to the initial and final states of the entire He N -ICl cluster. In the electric dipole approximation within the first order perturbation theory, the absorption intensity is proportional to the square modulus of the matrix element of the transition moment operator, · ê, computed using the functions defined by Eq. ͑5͒; here, is the dipole moment of the solvated molecule, and ê defines the polarization of the electric field. Usually, is expressed in a BF reference frame whereas the electric field defines a natural SF frame. Performing a rotation of the BF frame into the SF frame,
and the matrix elements of the transition moment become
As ab initio calculations reveal, the dipole moment of the solvated molecule is only weakly affected by the interactions with the surrounding He atoms and its direction remains along the ICl bond, and only the q = 0 component contributes giving rise to a parallel transition. If one considers linearly polarized light and uses the direction of polarization to define the SF Z axis ͑p =0͒, one arrives at
͑11͒
Since in the our case ⍀ = ⌳, for ⌺ states the second 3 − j symbol in Eq. ͑11͒ vanishes unless ⌬J = ± 1. Hence, only the P and R branches survive and the Q transitions are not allowed in the spectrum. In contrast, when ⍀ 0 states are involved ͑e.g., because of the presence of fermionic components in the solvent and/or the presence of ⌸ , ⌬ ,..., states͒, the Q transitions become allowed as well. A Boltzmann distribution of rotational states of the clusters that corresponds to a given temperature T gives rise to a line of intensity,
A variety of causes may lead to the broadening of the spectral lines. Here we consider the mechanism of vibrational predissociation ͑VP͒. An absorption of a photon that leads to a vibrational excitation of the solvated molecule may be followed by energy transfer to bonds involving the He atoms. These weaker bonds may rupture giving rise to dissociation of the cluster ͑hence, vibrational predissociation͒. Following the procedure outlined in Refs. ͓17,18͔, one can estimate the width of the line broadening caused by VP. First, one calculates the -dependent VP width for the He-ICl͑v f ͒ triatomic species, ␥ v f ←v i , using the framework of the adiabatic angular model ͓30͔ and generates the angular distribution D ⌳ ͑N͒ ͑͒, which is normalized to N, by integrating the square modulus of ⌽ ⌳ ͑N͒ ͕͑R k ͖ ; r eq ͒ defined by Eq. ͑3͒ over all variables except one. The VP line broadening is then obtained by averaging ␥ v f ←v i over the angular distribution,
By dressing the lines with Lorentzians of appropriate widths and summing up over all transitions, one arrives at the following expression for the IR photoabsorption cross section
The cross section satisfies the condition
III. RESULTS
A. Electronic structure calculations and potential energy surfaces
For the He 2 -ICl͑X͒ tetraatomic cluster, ab initio calculations ͓27͔ show that the interaction energy can be accurately represented as the sum of energies of two He-ICl triatomic species and the energy of the He-He interaction. Hence, we extend this description to cluster of larger sizes and use the following expression for the interaction energy:
Ab initio calculations of the He-ICl͑X͒ interaction have been carried out at the CCSD͑T͒ level of the theory fixing the ICl͑X͒ stretch at its equilibrium bond distance r = r e = 2.321 Å ͑see Ref. ͓26͔͒. To account for the dependence on r, two sets of additional ab initio computations for He-ICl using the same methodology have also been performed. The interaction energies are calculated for several intermolecular distances R for 11 values between 0°and 180°and two ICl bond lengths of r − = 2.271 and r + = 2.386 Å. These r values correspond to the peaks of the first excited vibrational level of the bare ICl͑X͒ molecule. The results of the CCSD͑T͒ calculations of the interaction energies are listed in Table I .
Following the procedure outlined in Ref.
͓26͔ the entire PES is described analytically. To this end, we represent the R-dependent interaction potential, for fixed values of r and , by a Morse-vdW function whose parameters are obtained by a nonlinear least square fit and are listed in Table II ͑for r = r e , see Table III in Ref. ͓26͔͒. In order to define the PES over a range of r values large enough for characterization of the first two ͑v = 0 and 1͒ vibrational levels of ICl͑X͒, necessary for the spectral simulations, a quadratic dependence of the energy on r has been assumed. In practice, for each orientation i ͑i =1-11͒, the coefficients A and B of the expansion at R = 3.80 Å and r = 2.271 Å corresponds to a near T-shaped ͑ = 110.9°͒ configuration of the complex. The third minimum is found for the antilinear He-Cl-I geometry. Its energy is −38.032 cm −1 and it is located at R = 5.12 Å and r = 2.321 Å. The barrier between the linear and the near T-shaped configurations is at −15.35 cm −1 and it is located at R Ϸ 4.44 Å, Ϸ 60°, and r = 2.321 Å. The characteristics of the barrier between the near T-shaped and the antilinear configurations are −22.49 cm −1 , R Ϸ 4.98 Å, Ϸ 141.8°, and r = 2.386 Å. The three potential minima and the barriers between them are displayed in Fig. 1 . As is clear from the figure, the minimum that corresponds to the near T-shaped configuration is sensitive to r-the smaller the value of r, the lower the minimum. The other two minima show only negligible variations with r. Thus, the energy difference between the minima that correspond to the linear and the near T-shaped configurations increases as the r bond length becomes larger.
For spectral simulations, it is also necessary to estimate the dipole moment of the ICl molecule in the presence of He atoms. CCSD͑T͒ calculations performed for various configurations of the clusters with N = 1 and 2 show that the component of the dipole moment along the I-Cl bond is one or two orders of magnitude larger than the component orthogonal to it. The magnitude of the dipole moment in the triatomic case is sensitive to the value of r, but its dependence on R and is only minor. Similar values are obtained for the tetraatomic system, as could be expected from the nature of the intermolecular interactions, which essentially coincide with the dipole moment of the isolated ICl molecule. Therefore, irrespective of the cluster size, we used the values of 1.140, 1.284, and 1.465 Debye computed for the three distances, r − , r e , and r + , respectively, and to define ͑r͒ as a linear function of r.
The ICl͑X 1 ⌺ + ͒ intramolecular interaction U͑r͒ was approximated by a Morse function ͓31͔ with the following values of the parameters: well depth D = 17 557.411 cm −1 , characteristic inverse length ␣ = 1.849 234 9 Å −1 , and equilibrium distance r e = 2.321 Å. For the He-He interaction we employed a parametrized potential of Aziz and Slaman ͓22͔. To avoid divergences in the potential at vanishing distances between the He atoms, a truncation of the potential is employed ͑for details, see Ref. ͓19͔͒.
B. Helium energies and density distributions
In the calculations presented here, the following masses ͑amu͒ were used: m I = 126.904473, m Cl = 34.968853, and m4 He = 4.00260. A grid of 4096 points in the R range of 2.0-20.0 Å was employed to numerically solve Eq. ͑8͒, us-ing a Numerov procedure. Convergence for the ground state was achieved by using l max = 19, ͉m max ͉ = 1, and n max = 7. The convergence thresholds used for the the total energy and the module of its gradient ͑with respect to the nonredundant variational parameters ͓29͔͒ were set to 10 −6 and 10 −5 cm −1 , respectively.
As in the case of He N -Br 2 clusters ͓19͔ the lowest energy was found for ⌳ = 0, a sort of "⌺" state of the system. Table  III shows the energies of the He N -ICl clusters at the equilibrium ICl bond length and for N bosons equally distributed over M = 1, 2, and 3 single-particle orbitals. As expected for a Bose quantum system, the lowest energy corresponds to all the He atoms occupying the same orbital ͑M =1͒: As is clear from the table, the larger the number of occupied orbitals the higher the total energy of the system. One should also note that the relative energy differences between the various M cases increase with the cluster size, as expected because of the larger number of solvent particles contributing to the total binding energy.
In Fig. 2 we show the values of the total energies, E N , and single particle evaporation energies, ͑E N − E N−2 ͒ / 2, as a function of the cluster size N. For N = 1 and 2 ͑J =0͒, the Hartree energy values of 18.38 and 30.33 cm −1 can be compared with the "exact counterparts" of 18.29 and 33.51 cm −1 from Refs. ͓26,27͔. In contrast to the N = 1 case, the N = 2 size shows a non-negligible relative error of about 9%. Additional variational calculations within the diatomic rotational decoupling approach give an energy value of 33.47 cm −1 , which indicates that the error in the Hartree energy is due to the Hartree approximation itself. We see that both total and single particle evaporation energies change continuously and smoothly, without any sign of shell structuring of the solvent In Fig. 3͑a͒ we show the angular density distributions for the size range N =2-30 normalized to the number of helium atoms. In the inset the distributions obtained from Hartree and variational calculations for N = 2 are compared: note that they are almost identical, the Hartree being slightly more localized. We have also calculated the effective occupation numbers ͑referred to as ͒ of the independent-particle ͑or, equivalently, He-ICl͒ orbitals. The angular distributions for the five lowest-lying orbitals are shown in Fig. 3͑b͒ while the corresponding energies are displayed in Table IV . The lowest-energy ͑n =0͒ orbital is localized in the linear He-ICl well, whereas the distributions of the n = 1 and n = 2 orbitals are peaking at the asymmetric near T-shaped and antilinear ICl-He wells, respectively ͓26͔. The fourth orbital ͑n =3͒ is also rather localized and displays a major peak at = 35°w hereas the fifth orbital ͑n =4͒ extends along a broader region and shows peaks around = 90°, 120°, 145°, and 170°.
The first He atom populates the axial iodine region ͑be-tween 0°and 25°͒ where the global minimum of the He-ICl PES is located. For N = 2, the He-He repulsion causes the density distribution to flow from the linear configuration well to the near T-shaped angular region ͑between 80°and 140°͒, and = 0.9 and 1.1 for n = 0 and 1, respectively. For N = 4, the population of the near T-shaped configuration orbital n =1 increases to about 2.8, whereas the the He density at the axial iodine region remains nearly constant. Thus, the variation of for the n = 0 orbital is only 1.3 for the size range N = 2 -30. In contrast, the population of the n = 1 orbital increases rapidly with cluster size up to N ϳ 14 ͑for which =8͒. Beyond this cluster size, it increases at a lower rate and without giving any indication of saturation. Similarly to the n = 0 orbital, the population of the n = 2 orbital, which is located in the antilinear well, increases very slowly as the cluster grows in size. For N = 4, its population is about 0.2, and a side peak centered around = 170°appears. For N = 8, the n = 4 orbital starts to get populated, a shoulder being appearing at around Ϸ 150°. The values of both n = 3 and n =4 orbitals reach a value of about 1 for N = 14 and, therefore, there is significant nonzero He density between the peaks at the axial iodine region and the central peak centered at the near T-shaped well. For N = 20, the populations of the n =3 and n = 4 orbitals reach the values of 2 and 1.5, respectively, and two secondary peaks centered around = 42°and 78°are clearly apparent. For larger cluster sizes, the angular density distributions show no additional features and maintain the sort of five-peak structure of the distribution for N = 20. In summary, the helium angular distributions show an anisotropic layering around ICl of the quantum solvation structure, reflecting the strong anisotropy of the He-ICl potential energy surface. The most intense feature is the peak centered at the near T-shaped potential minimum. For N = 30 this peak contains about 14 He atoms axially distributed around the ICl molecular axis. This angular region is, however, incom- ͑b͒ Angular distributions of the five lowest independent-particle picture orbitals. plete and can still accommodate more helium atoms. The distributions become increasingly more isotropic as the cluster grows in size. However, for the largest cluster size examined here, N = 30, the angular distribution is still markedly anisotropic and far from the expected isotropic profile in the nanodroplet regime. This is in contrast to the previously studied 4 He-Br 2 case ͓19͔, for which a rather isotropic ͑and insensitive to the cluster size͒ distribution is already found for N = 18, but in agreement with the RQMC calculations by Paolini et al. ͓35͔ on 4 He-OCS and 4 He-HCN polar systems, indicating that the rate of approach to the nanodroplet regime is mainly determined by the anisotropy and strength of the specific He-dopant interaction and not by the molecular weight of the dopant. In Fig. 4 , the radial helium density distributions around the dopant's mass center are represented for different cluster sizes. The radial density distributions for the five lowestlying orbitals are also shown in the inset. We see that the distributions of the n = 0 and n = 1 orbitals are peaked at R around 4 Å. Due to the lighter mass of the Cl atom, the distribution of the n = 2 orbital, localized at the antilinear ICl-He well, is clearly peaked at a larger distance to the ICl mass center of about 5.3 Å. Note in Fig. 4 that along the main peak centered at R nearby 4.2 Å, a secondary feature centered at R ϳ 5.5 Å appears for N =8 ͑for which the value of the n = 2 orbital is nearby one͒. Overall, we see that the two-peak structure of the radial distributions becomes more diffused and more shifted towards larger R distances as the cluster size increases.
We now wish to further consider the dependence of the total energy on the ICl͑X͒ bond distance. As mentioned, we have examined ICl bond length distances of r = 2.271, 2.321, and 2.386 Å and found that for distances near the equilibrium bond length the energies can be fitted to better than 2% accuracy with the logarithmic expression,
The values of the parameters, along with the corresponding statistical errors, as a function of the cluster size are displayed in Table V . For comparison, the energies of the five lowest independent-boson orbitals are displayed in Table IV for the three ICl bond length values. One sees in the table that, in contrast to the n = 0 and 3 cases, the binding energy TABLE V. Cluster size evolution of different quantities: A N and B N parameters in Eq. ͑17͒ together with their statistical errors, averaged values of the squared orbital angular momentum, one half of the VP widths from Eq. ͑13͒ ͑in parentheses, powers of 10͒, and frequency shift and cross-section value ͑relative to the N = 10 size͒ for the maximum of the corresponding R͑0͒ branch. for the orbital n = 1 increases as the bond length decreases. This behavior reflects the significant lowering of the near I-shaped well as r decreases ͑to be compared with the rather weak r dependence of the linear and antilinear wells, see Fig.  1͒ , since the n = 1 orbital is chiefly localized in that potential region. One should also note that the r dependence is more marked for the n = 1 independent-particle orbital while the n = 4 orbital, being spatially more extended ͓see Fig. 3͑b͔͒ , has an intermediate behavior and it exhibits its energy minimum at the equilibrium ICl bond length. Note now in Table  V that the sign of the "slope" parameter A N is negative for N = 1, reflecting the r dependence of the occupied n =0 lowest-energy orbital. For N = 2, the population of n = 1 orbital is slightly larger ͑0.2͒ than the one of the n = 0 orbital. Therefore, the r dependence of the near I-shaped well dominates and the sign of the slope becomes positive. From N =2 to N ϳ 14, the value of the slope increases quite fast as a consequence of the rapid increase of the value for the n = 1 orbital. Hereafter, there is a reduction in the rate of slope increase. This is a consequence of the slower rate of population for the near I-shaped peak ͑see Fig. 3͒ and the filling of secondary peaks localized at potential regions for which the r dependence is extremely weak. From N = 14 the deviation from the logarithmic fitting starts to become noticeable.
In Table V we also list the averaged squares of the total orbital angular momentum as a function of the cluster size. For the smaller clusters ͑N ഛ 8͒, they increase quickly with size, then show an almost linear increase with N values between 10 and 16, and finally show a superlinear growth for the larger clusters up to N = 30. Together with the r-dependent binding energy of the cluster, ͗L͘ 2 contributes to the distortion of the intramolecular potential of the ICl molecule, see Eq. ͑4͒, determining the effective potential for the solvated molecule. So, large values of the total orbital angular momentum push the effective equilibrium bond length to longer distances leading to increase the effective moment of inertia.
C. Spectral simulations
The IR spectral simulations corresponding to the process,
in an environment of N bosonic 4 He atoms were carried out assuming a rotational temperature T = 2 K as in precedent works simulating Raman spectra ͓17,18͔. For the clusters studied here, the particular value of T has only a minor incidence in modifying the relative intensities of the different branches, although due to the 3 − j symbols appearing at Eq. ͑12͒, R͑0͒ always dominates over the rest. A natural broadening of the spectral lines has been included, as described in Sec. II C, by using a simple model which relies on the adiabatic angular treatment of Ref. ͓30͔ for the VP process He -ICl͑X , v f =1͒ → He+ ICl͑X , v f Ј=0͒. In Fig. 5 we show the ground state energy of the complex, averaged over the v =1 vibrational state of the ICl molecule, and the VP half width as functions of the angle . The similarity between the angular dependence of the energy and the angular dependence of the minimum energy path shown in Fig. 1 is evident. The width ␥ is negligible, except in the vicinity of the linear and antilinear arrangements. This function is used together with the distributions shown in Fig. 3͑a͒ as integrands in Eq. ͑13͒. Figure 6 displays the IR profiles of the first four intense branches, R͑0͒, P͑1͒, R͑1͒, and P͑2͒, for the cases N = 2, 10, 20, and 30. They are plotted as functions of the frequency shift with respect to the ͑J i =0,v i =0͒ → ͑J f =0,v f =1͒ "forbidden" transition ͑380.084 899 cm −1 ͒ in the bare ICl molecule. One notices the absence of the Q branches, which is consistent with what has been found experimentally for the linear OCS molecule ͓4͔. The profiles display a blueshift, albeit with a decreasing rate, as the size of the cluster increases.
In Table V we show the cluster size dependence of the VP half width ͑fifth column͒, the location ͑frequency shift͒ of the maximum photoabsorption cross section ͑sixth column͒, and its magnitude relative to the value at N =10 ͑last column͒ for the dominant R͑0͒ branch. All three quantities exhibit monotonic size dependencies with a convergence tendency. For the cases N = 1 and 2 the frequencies appear toward the red from the ͑J i =0,v i =0͒ → ͑J f =1,v f =1͒ transition ͑0.226 277 698 cm −1 ͒ of the bare ICl molecule, while for larger clusters the effect of solvation is a shift to the blue. As long as the ICl molecule is only slightly perturbed, its energy levels can be approximated as E Jv Ϸ E v + B v J͑J +1͒, where B v are effective rotational constants depending on the vibrational excitation and the centrifugal distortions are neglected. Hence, size dependent B 0 and B 1 values can be obtained from the relative positions of the R and P branches. For instance, denoting by ⌬ 10 the distance in frequency between the R͑1͒ and R͑0͒ lines, and by ⌬ 21 the corresponding magnitude involving R͑2͒ and R͑1͒, one readily obtains B 0 = 1.5⌬ 10 − ⌬ 21 and B 1 = ⌬ 10 − 0.5⌬ 21 . In this way, a tiny increase of the rotational constants as the cluster size grows is found. In wave numbers, B 0 ranges from 0. −1 , which are lower than those found for all sizes except N = 1. One can interpret these results as an indication of an effective increase in the moment of inertia of ICl when it is solvated by one He atom, and an effective decrease in the moment of inertia when it is solvated in a larger cluster. Since rather moderate values of the square of the orbital angular momentum are attained, the behavior of the moment of inertia is a direct consequence of the dependence of the binding energy on the ICl bond length, which from N = 2 decreases as r increases. In fact, for N from 4 to 30, the minimum of the effective potential for the solvated ICl is located at shorter r values than the minimum of the potential of the isolated molecule, giving rise to a reduction in the moment of inertia. This is in apparent contradiction with the experimental findings in droplets ͓4͔. However, for much larger cluster sizes than those studied here, note that since the binding energy should become insensitive to variations of r, and ͗L 2 ͘ could attain large values, one expects that the equilibrium bond length of the solvated molecule be larger then the corresponding to the isolated molecule, recovering the agreement with the experiment.
IV. SUMMARY AND OUTLOOK
Using a realistic potential, which is based on accurate ab initio calculations, we performed a Hartree-type study of the energies, density distributions, and IR spectra of He͒ N clusters in the size range of N = 1 − 30. This study extends our earlier application of the method ͓19͔, which is in essence a "multiconfigurational" treatment, to polar molecules embedded in a finite-size bosonic solvent. Our main findings can be summarized as follows:
͑1͒ The ⌺ ͑⌳ =0͒ state of the clusters, when all the He atoms occupy the same orbital, is the energetically most preferred one.
͑2͒ The helium density distributions around the ICl molecule are strongly anisotropic, which is a consequence of the anisotropy of the He-ICl potential; the anisotropy of the distribution is quite apparent even for the largest cluster considered here ͑N =30͒.
͑3͒ The size variations of the cluster energies and densities are smooth with no indication of shell effects.
͑4͒ The variation of the cluster energies with the ICl bond length is well represented by a logarithmic function. The "slope" of the logarithmic dependence increases with the cluster size. The rate of increase is substantial up to N = 14, but slows down thereafter.
͑5͒ The calculated IR spectra of the ICl molecule embedded in an environment of 4 He atoms lack the Q branches as long as only ⌺ states are involved.
͑6͒ For most clusters in the size range considered here the effective momement of inertia of the solvated ICl molecule is smaller than that of the bare ICl. It is expected, however, that the opposite will become true as the number of solvent 4 He atoms becomes large enough.
Our future studies will explore the cases of ICl embedded in 3 He and mixed 3 He/ 4 He clusters and will address the issue of the role played by the nuclear spin statistics in the phenomenon of finite-size quantum solvation. We will also consider clusters of para-H 2 and ortho-H 2 , as well as their mixtures, as solvation environments. One may expect these to produce effects similar to those found in bosonic and fermionic helium clusters. Data obtained in recent spectroscopic studies of hydrogen clusters ͓36͔ and of different molecules embedded in them ͓37-39͔ provide both an impetus and a calibration basis for theory.
